The rise of atmospheric O3 as a function of the evolution of 02 has been investigated using a one-dimensional steady-state photochemical model based on the chemistry and photochemistry of O~(O3, O, O(1D)), N~O, NOx(NO, NO2, HNO3), H20, and HOx(H, OH, HO2, H202) including the effect of vertical eddy transport on the species distribution. The total 03 column density was found to maximize for an 02 level of 10 -1 present atmospheric level (PAL) and exceeded the present total 03 column by about 40%. For that level of Oz, surface and tropospheric 03 densities exceeded those of the present atmosphere by about an order of magnitude. Surface and tropospheric OH densities of the paleoatmosphere exceeded those of the present atmosphere by orders of magnitude. We also found that in the Oz-deficient paleoatmosphere, N20 (even at present atmospheric levels) produces much less NOx than it does in the present atmosphere.
INTRODUCTION
By virtue of its very efficient shielding of the Earth's surface from lethal solar ultraviolet radiation, the evolution and natural variability of atmospheric ozone (Oa) over geological time were important factors in biological evolution on our planet (Berkner and Marshall, 1965; Ratner and Walker, 1972; and Walker, 1977) . The appearance and evolution of 03 were strongly coupled to the appearance and evolution of molecular oxygen (02). The first investigation of the evolution of 03 in the 02-deficient paleoatmosphere was the qualitative treatment of Berkner and Marshall (1965) . Next, Ratner and Walker (1972) used a simple photochemical model--the four Chapman reactions for a pure 02 atmosphere, without transport--to investigate the evolution of Oz. Hesstvedt et al. (1974) added the hydrogen species chemistry to the Chapman reactions in their study. More recently, Blake and Carver (1977) added the nitrogen species chemistry (with the exception of nitrous oxide) to the hydrogen and oxygen species chemistry in a study of the evolution of 03. Blake and Carver (1977) assumed photochemical equilibrium, i.e., they did not include the effect of vertical transport on species distribution in their calculations. In the present study, we have included the chemistry of the oxygen, hydrogen, and nitrogen species, plus the effect of vertical transport on the distribution of the calculated atmospheric species. The present study is the first to include nitrous oxide (N20) which is produced via dentrification by soil bacteria (Bates and Hays, 1967; Crutzen, 1970; McElroy and McConnell, 1971 ). The oxidation of NzO is the major source of the nitrogen oxides which control 03 levels in the present stratosphere (Crutzen, 1970) . In addition, the present paper is the first to discuss the nitrogen and hydrogen species concentrations of the 02-deficient paleoatmosphere and the variation of these species as 02 evolved to present atmospheric levels. The oxygen, nitrogen, and hydrogen reactions and rate constants used in the present study are based on those recommended in the recent NASA chlorofluoromethane-ozone assessment (Hudson, 1977) . A description of the photochemical model used in this study is given in the appendix.
COMPOSITION AND STRUCTURE OF THE PALEOATMOSPHERE
One uncertainty in our study of the evolution of Oa as a function of evolving 02 level concerns the composition and structure of the paleoatmosphere during the period that 02 rose from 10 -4 of its present atmospheric level 00 -4 PAL) to its present atmospheric level (1 PAL). This uncertainty results in part from our lack of knowledge concerning the exact chronology for the evolution of 02. For example, Berkner and Marshall (1965) have speculated that 02 rose from 10 -3 PAL to its present level in the more recent past, over the last 600 million years, whereas Walker (1978) has suggested that 02 rose rapidly from essentially zero to within a factor of 10 of its present atmospheric value as early as about 2 billion years ago. For our photochemical calculations we need to know the approximate concentrations of nitrogen (N2), water vapor (H20), carbon dioxide (CO2), and reduced species such as methane (CH4) and ammonia (NH3) in the paleoatmosphere as 02 evolved from 10 -4 PAL to its present level. Our information concerning the chemical composition of the paleoatmosphere during the evolution of 02 is based on two recent studies: a detailed review of the available geological and paleontological evidence by Walker (1977) and a computer simulation of the chemical evolution of the atmosphere by Hart (1978) . Walker concluded that the atmosphere formed via volatile outgassing very early in the Earth's history and that the paleoatmosphere contained about as much N2, H20, and CO2 as the present atmosphere. Hart's computer simulation developed the following scenario: the 02 released from the photodissociation of H20 and from photosynthesis (after the first 800 million years) chemically destroyed the CH4 and NHz in the paleoatmosphere. By roughly 2 billion years ago, all but the trace amounts of reduced gases had been removed from the atmosphere and at that point the atmosphere consisted primarily of N2 (about 96%). Hart's calculations indicate that both CH4 and NH3 reached their present atmospheric levels about 2 billion years ago. The studies of Walker and Hart suggest that during the evolution of O2 and 03 the chemical composition of the paleoatmosphere was similar to the composition of the present atmosphere. Due to the assumed similarity (with the exception of 02 and 03) in the composition of the paleoatmosphere and the modern atmosphere, we have adopted the 03 photochemical and chemical reactions used in the current investigations of possible inadvertent depletion of 03 due to anthropogenic activities (Hudson, 1977) . The chemistry of CH4, NHa, COs, CO, and the chlorine species is not included in our calculations. The photochemical and chemical reactions used in our model are listed in Tables I and II. To calculate the photodissociation rates of the molecular species given in Table I , the solar spectrum between 110 and 735 nm was divided into 174 spectral intervals, with molecular cross sections for each species folded into these spectral intervals. The solar flux data are from Ackerman (1971) . The species absorption cross-section references are also given in Table I . The calculations of the transmittance and rate of dissociation of molecular oxygen in the Schumann-Runge band (19 spectral intervals between 175 and 205 nm) are based on the data of Hudson and Mahle (1972) . The Hudson and Mahle data include the values of band oscillator strengths and rotational linewidths for the Schumann-Runge band system from which the transmittance and rate of dissociation of molecular oxygen as functions of temperature and oxygen column density have been calculated. For all the photodissociation rates, the incident solar flux is attenuated by 02, Oa, H20, COz, and CH4 absorption and is calculated in 1-km altitude intervals between the surface and 80 km. All of the photodissociation calculations are diurnal averages for a specified latitude and solar declination based on the procedure of Rundel (1977) . Unless otherwise noted, all of the calculations in this paper are for a latitude of 30 ° and for a solar declination of 0 ° (equinoctial conditions).
In the model, the following species profiles are calculated using a timeindependent or steady-state species continuity equation, which combines the effects of both chemistry and vertical eddy transport: Oz, nitrous oxide (N20), and the odd nitrogen species (NOx), which we define as the sum of nitric oxide (NO), nitrogen dioxide (NOD, and nitric acid (HNO3). The vertical distribution of the rapidly reacting atmospheric species (O, O(1D), H, OH, HO2, and H202) is determined solely by chemistry, which for these species is considerably faster than transport. The production and loss terms for all of the species are summarized in the Appendix. The vertical distribution of the following species are specified as input parameters: H20 (London and Park, 1974) , COs (Stewart and Hoffert, 1975) , and CH4 (Wofsy, 1976; Liu and Donahue, 1974) .
In the present atmosphere the H20 vapor mixing ratio above the tropopause is controlled by the tropopause temperature--the so-called "cold trap." A tenfold increase in the H20 vapor mixing ratio above the Hudson (1977) tropopause requires a tropopause temperature increase of 15°K (Visconti, 1977) . It does not appear that the tropopause temperature is strongly affected by even large variations in 03 (Manabe and Strickler, 1964) . To determine the sensitivity of evolving O3 to the choice of a H20 vapor profile, we have performed calculations for the present atmospheric H20 vapor mixing ratio and for H20 vapor profiles equal to ~0 and 10 times the present H20 vapor profile of London and Park (1974) . Since it is beyond the scope of this study to evaluate the eddy diffusion coefficient profile of the paleoatmosphere (there is some debate in the literature concerning the eddy diffusion profile in the present atmosphere), we have used the profile of McElroy et al. (1974) in all of the calculations presented here.
Another specified input parameter is the temperature profile of the paleoatmosphere. Walker (1977) concluded that in the absence of Oa, the paleoatmosphere had a troposphere much like the present one and a more or less isothermal stratosphere and mesosphere. Following the procedure of Ratner and Walker (1972) , we did not attempt to evaluate temperature profiles in the stratosphere and mesosphere as 02 and Oa built up to present levels. Instead, we used two limiting cases. We used the temperature profile of the U.S. Standard Atmosphere (midlatitude spring/fall temperature profile) for oxygen levels equal to or greater than l0 -I of the present atmospheric level (PAL) of 02 and a "primordial" temperature profile for 02 levels less than 10 -1 PAL. The "primordial" temperature linearly de-creases from the tropopause (15 km) to the mesopause (90 km), resulting in an almost isothermal stratosphere. As noted by Ratner and Walker (1972) , the effectiveness of O3 absorption in producing a stratospheric temperature increase becomes smaller as the 03 layer moves down to higher pressure levels and is negligibly small for O3 density profiles corresponding to 02-< 10 -1 PAL. These changes in stratopause temperature affect only the high-altitude 03 profile. The effect of the two temperature profiles on the evolution of total 03 will be discussed.
While we are fully aware of the limitations of one-dimensional photochemical models in trying to describe the threedimensional atmosphere, especially in light of the fact that the dominant atmospheric motions are horizontal, not vertical, we believe for the following reasons that a onedimensional model is an appropriate tool in our study: (1) the chemical evolution of the atmosphere can adequately be studied with a one-dimensional photochemical model, and (2) our lack of knowledge of motions and dynamics of the paleoatmosphere precludes a multidimensional study at the present time.
RESULTS

The Evolution of 03
The vertical distribution of 03 as 02 evolved from 10 -4 to 1 PAL and for an 02 level of 2 PAL for 30 ° latitude and equinoctial conditions is shown in Fig. 1 . Berkner and Marshall (1965) have suggested that atmospheric 02 levels may have exceeded 1 PAL before the present atmospheric level was achieved. We see that as the O2 level increased from 10 -4 to 1 PAL, the height of the O× peak moved from about 5 to about 25 km. Our calculations indicate that maximum O× densities at the surface and through the troposphere were achieved for an 02 level of 10 -1 PAL. We calculate surface and tropospheric 03 densities of about 5 × 1012 cm -3 for an 02 level of 10 -1 PAL compared to densities of about 5 × 1011 cm -3 in the present atmosphere.
The large surface and tropospheric 03 densities (about 5 × 1012 cm -a) in the paleoatmosphere found in this study were not found in the previous studies. Ratner and Walker (1972) reported maximum surface Oa densities of about 1 x 1012 cm -3 based on their calculations using the Chapman reactions. Hesstvedt et al. (1974) found maximum surface 03 densities of less than 3 × l0 I° cm -3 for calculations assuming photochemical equilibrium (no transport) and found maximum surface O3 of about 7 × 101~ cm -3 with the identical chemistry, but including vertical eddy transport. Blake and Carver (1977) , assuming photochemical equilibrium in their study, reported maximum surface 03 densities of 2 × 10'" cm -3 for the present atmosphere and smaller surface O8 levels for reduced Oz levels. The enhanced surface and tropospheric 08 densities calculated in our study are due in part to the inclusion of vertical eddy diffusion. The importance of vertical eddy transport on the distribution of 08, particularly below the 08 peak, has been discussed by Nicolet (1975) . The importance of vertical eddy transport is also clearly seen in the calculations of Hesstvedt et al. (1974) . Using identical chemical schemes, they reported an increase in surface O8 of more than 2 orders of magnitude for an 02 level of 10 -I PAL when vertical eddy transport was included in their calculations compared to their photochemical equilibrium calculations (no transport). Of all tropospheric species, O8 comes closest to being naturally present at toxic levels (Chameides and Walker, 1975) . Many varieties of plant life are extensively damaged when exposed to O8 concentrations only two or three times greater than the present average ambient concentrations. Chameides and Walker (1975) examined the possible variation of tropospheric O8 over geological time. They considered how changes in the CH4 production rate over geological time would affect the production of O8, and concluded that a tenfold increase in the CH4 production rate would cause a fourfold increase in the tropospheric concentration of O8 for the present level of 02. Our calculations indicate much larger tropospheric levels of Os than calculated by Chameides and Walker, corresponding to an Oz level of 10 -1 PAL. The toxic effects of these enhanced levels of tropospheric Os may have had significant adverse effects on both animal and plant life.
The evolution of the total O3 column above the Earth's surface as a function of 02 level is shown in Fig. 2 . The calculation of Berkner and Marshall (1965) Berkner and Marshall (1965) with the present study. Curve 1 is from Berkner and Marshall; curve 2 is for 30 ° latitude, equinoctial conditions. ation < 1100 nm is responsible for the photolytic destruction of Oz. For an 02 level of 10 -1 PAL, the increased production of 03 resulting from the enhanced penetration of solar ultraviolet radiation is not accompanied by a corresponding increase in the solar radiation responsible for the photolytic loss of 03 and hence 03 maximized. For 02 levels less than 10 -1 PAL, the photolytic destruction of Oz exceeded the production of 03 via the photolysis of 02, and 03 decreased with decreasing Oz level.
The deeper penetration of solar ultraviolet radiation in the Oz-deficient paleoatmosphere resulted in the efficient photolysis of 02 and Oz. The vertical profile of the photodissociation rate constant of J3 (02:205-242 nm) for 02 levels ranging from 10 -4 to 2 PAL is shown in Fig. 3 . We see that at 15 kin, the photolysis rate constant of Oz increased more than 6 orders of magnitude as Oz was decreased from 1 to 10 -4 PAL.
The photodissociation of 03 was divided into three spectral intervals depending on the photolytic products, as shown in Table  I : J4 (110-310 nm), J5 (310-360 nm), and J6 (360-735 nm). The value of J6 was found to be constant (about 1.8 × 10 -4 sec -1) at all altitudes for all 02 levels. The surface value of J5 was found to increase from about 2 x 10 -5 sec-' for an O2 level of 10 -1 PAL to a value of about 7 x 10 -5 sec -1 for an 02 level of 10 -4 PAL. The largest increase in the 03 photodissociation rate constant was found for J4, where the surface value increased from about 5 × 10 -7 sec -1 for an Oz level of 10 -1 PAL to about 3 × 10 -z sec -1 for an 02 level of 10 -4 PAL. The effect of O2 and 03 for 02 levels ranging from 10 -4 to 2 PAL on the vertical distribution of J4 can be seen in Fig. 4 .
For all of our 03 calculations, we have assumed a zero flux of 03 into the surface. Any nonzero flux condition requires knowledge of the composition and the surface chemistry at the Earth's surface, as well as knowledge of the land vs water distribution of the early Earth. An identical zero flux assumption was made by Liu and Donahue (1976) in their study of the 03 budget of the Martian atmosphere (in which they calculated 03 densities at the Martian surface not unlike those that we find for the Oz-deficient paleoatmosphere).
Liu and Donahue showed that for the other extreme assumption, i.e., if every 03 molecule striking the surface is lost to the surface, then the total Oz column is only decreased by about 50%. Clearly, a surface flux value between the two extreme assumptions will result in less than a 50% decrease in the total 03 column. Due to the many uncertainties associated with the choice of a nonzero flux condition and the results of Liu and Donahue, we believe that the choice of the zero flux is a reasonable one in our calculations.
We have also examined the sensitivity of the total 03 column to variations in the assumed model input parameters (NOx, H20, and Kz). For reduced levels of NO~ (onetenth of the present atmospheric level), the total 03 column was found to increase by 15, 30, and 100% for O3 levels of 10 -1, 10 -z, and 10 -3 PAL, respectively. For a reduced H20 vapor profile (one-tenth of the present atmospheric H20 vapor mixing ratio profile), the total 03 column was found to increase by 3, 5, and 40% for 02 levels of 10 -1, 10 -2, and 10 -~ PAL, respectively. For an enhanced H20 vapor profile (10× PAL), the total 03 column was found to decrease by 5, 25, and 50% for O2 levels of 10 -1, 10 -z, and 10 -3 PAL, respectively. For an increased Kz profile [10 times the standard profile of McElroy et al. (1974) ], the total 03 column was found to increase by about 25% for an 02 level of 10 -1 PAL. No significant changes in the total 03 column were found for the 10 Kz profile for 02 levels less than 10 -1 PAL. Similarly, no significant changes in the total 03 column were found for a 1'0 Kz profile for all reduced levels of 02. These calculations indicate that the total 03 column in the O2-deficient paleoatmosphere was more sensitive to the NOx level than to the HzO vapor level. However, as discussed in the following section, N20 (even at present atmospheric levels) was not an important source of NOx in the O2-deficient paleoatmosphere. In addition, it appears that cosmic rays and solar proton events were not important sources of NO~ in the Oz-deficient paleoatmosphere (Blake and Carver, 1977) .
Our calculations suggest the following scenario for the factors that controlled the evolution of 03 in the O2-deficient paleoatmosphere. For O3 levels ranging from 10 -4 to 10 -2 PAL, the evolution of 03 was primarily controlled by HO~ chemistry. Once the 02 level reached 10 -1 PAL, N20 was no longer photolytically lost and became a significant source of NOx. At this point, NO~ replaced HO~ as the major controller of the total 03 column.
The Evolution of Nitrogen and Hydrogen Species
In the present atmosphere, N20 is destroyed via photolysis yielding N2 + O(1D) and via oxidation by O(1D) yielding 2 NO. This production of NO is the dominant source of stratospheric NOx. Our calculations indicate that for reduced levels of Oz and corresponding O3 levels, the photolytic destruction of N20 becomes extremely efficient below 20 km, thereby reducing the main source of stratospheric NO~. The combined effect of 02 and 03 levels on the photodissociation rate of N20 (J8), which controls the photolytic destruction of N20, at the expense of NO formation, can be seen in Fig. 5 . The fact that the surface and lower tropospheric values of J(N20) for an O2 level of 10 -1 PAL are slightly less than the values for an O2 level of 1 PAL results from the fact that total atmospheric 03 maximizes for the 10 -1 PAL case. Inspection of Fig. 5 shows that in the present atmosphere, the photodissociation rate constant of N20 is about 10 -r sec -1 at about 35 km. For an 02 level of 10 -1 PAL this same photodissociation rate constant is achieved at about 25 km, at about 15 km for an 02 level of 10 -2 PAL, and at the surface for an 02 level of 10 -a PAL. The profile of N~O mixing ratio for various 02 levels is shown in Fig. 6 . Due to our lack of knowledge concerning the N20 surface mixing ratio appropriate for the primordial atmosphere, we have used the present surface mixing ratio (3.2 × 10 -7) as the lower boundary for all of the calculations shown in Fig. 6 . Inspection of Fig. 6 shows that comparable N20 mixing ratios (10 -8) are found above 55 km in the present atmosphere and below 20 km for an 02 level of 10 -2 PAL. This is the first study of the evolution of O3 to include N20, the main source of stratospheric NOx, which is the dominant 03 destruction species in the present atmo- sphere. In O2-deficient atmospheres, we have found that N20 (even at present atmospheric mixing ratios) produces much less NO~ than it does in the present atmosphere. In addition, we found that NO~ was not an important 03 destruction species in O2-deficient atmospheres. We found that the rapid photolytic destruction of N20 resuited in negligible production of NOx via the oxidation of N20 which, in turn, relegated NO~ catalytic destruction of O3, perhaps the major Oa destruction process in the present atmosphere (Johnston, 1975) , to a negligible role for reduced O~ levels. In past studies N20 was neglected due to biological considerations because it was assumed that nitrogen fixation and the subsequent dentrification of N20 by soil bacteria was not important in the Earth's early history. Now, based on aeronomical considerations, we have found that N~O was not important in controlling early 03 levels, regardless of the level of bacterial dentrification of N20. The effects of the O2 and 03 levels on the vertical distribution of the odd nitrogen species (NO + NO2 + HNO3) for the same surface mixing ratio (3.0 x 10 -9) are shown in Fig. 7 . At a given altitude, the number density of the odd nitrogen species was found to decrease with decreasing 02 level. This is opposite from the effect we found for the hydrogen species (H, OH, and HO2) where, at a given altitude, the number density was found to increase with decreasing O2 and 03 levels.
The efficient transmission of solar uv into the lower stratosphere and troposphere, which results in the rapid photolytic loss of O3 and N20 [and production of O(1D)], at the same time results in the extremely efficient production of OH via the photolysis of H~O and the oxidation of H20 by O(1D). The combined effect of O~ and 03 on the photodissociation rate constant of H=O (J7), which results in the photolytic production of OH, can be seen in Fig. 8 . Inspection of Fig. 8 shows that in the present atmosphere, the photodissociation rate constant of H20 is about 10 -9 sec -~ at about 45 km. For an 02 level of 10 -1 PAL, this photodissociation rate constant is achieved at about 30 kin, at about 17 km for an 02 level of about 10 -2 PAL, and at about 10 km for an 02 level of 10 -3 PAL. The profile of OH resulting from the photolysis of H20 and from the reaction of O(1D) with H20 for various O2 levels is shown in Fig. 9 . Inspection of Fig. 9 shows that OH concentrations in the troposphere and lower stratosphere increased by about 4 orders of magnitude as the 02 level was reduced from 1 to 10 -4 PAL.
The increase (decrease) in total 03 resulting from a decrease (increase) in the assumed HzO vapor profile previously discussed is a direct consequence of decreased (increased) formation of OH via the photolysis and oxidation of H20. The percentage increase (decrease) in OH density results in an almost identical percentage decrease (increase) in 03 density beginning about 10 km above the 03 peak for all reduced 02 levels. 10. Our calculations indicate maximum surface and tropospheric 03 densities of about 5 × 10 ~2 cm -a for an 02 level of 10 -1 PAL, compared to surface Oz densities of 5 × 10 u cm -z in the present atmosphere.
(2) Surface and tropospheric OH densities of the paleoatmosphere exceeded those of the present atmosphere by several orders of magnitude. Maximum surface and tropospheric OH densities approached 109 cm -z for an Oz level of 10 -a PAL, compared to surface and lower tropospheric OH densities of about 10 n cm -a in the present atmosphere.
(3) In the O2-deficient paleoatmosphere, NzO (even at present atmospheric levels) produces much less NOx than it does in the present atmosphere.
(4) The evolution of 03 in the paleoatmosphere was controlled by the efficient transmission of solar ultraviolet radiation through the lower stratosphere and troposphere. The enhanced level of ultraviolet radiation was responsible for the photolytic destruction of 03 and NzO and the enhanced production of the hydrogen species.
(5) The evolution of total 03 as a function of Oz level was fairly insensitive to the assumed model input parameters (N20 level and temperature and H20 vapor profiles).
We also verified the results of the earlier studies of Ratner and Walker, and Blake and Carver that Oz evolved to a greater level for a given 02 level than indicated by Berkner and Marshall; or alternatively, that 03 evolved earlier in the Earth's history than suggested by Berkner and Marshall. The earlier rise of O3 in the history of 02 evolution undoubtedly had important implications for biological evolution on our planet. The precise implications must wait until we have a better understanding of the exact chronology for the evolution of 02.
APPENDIX: DESCRIPTION OF PHOTOCHEMICAL MODEL
The form of the time-independent or steady-state species continuity equation which was used to calculate the vertical distribution of the transported species Oa, N20, and NOx is
where f~ is the volume mixing ratio of the ith species, qS, is the vertical flux (molecules cm -z sec -1) of the/th species, Q~(nj) are the chemical production terms and L~(nj)Mf~ are the chemical loss terms of the /th species. The volume mixing ratio f~ is related to n~, the number density of the fth species (molecules cm -a) by
where M is the total number density (molecules cm-3). The vertical flux of the /th species ~b~ can be expressed as
where Kz is the vertical eddy diffusion coefficient (cm 2 sec-l). Substituting Eq. (3) into Eq. (1) we get
The vertical distribution of the rapidly reacting atmospheric species O, O(ID), H, OH, HO2, and H202 is determined solely by chemistry, which, for these species, is considerably faster than transport. For these species, we can neglect the transport terms of the continuity equation [the left side of Eq. (4)] and equate the chemical production to the chemical loss, and solve for the species mixing ratio f using the photochemical equilibrium assumption
N20 is produced by soil bacteria during dentrification. The main source of stratospheric NO is the oxidation of N20 by O(1D) (Bates and Hays, 1967; Crutzen, 1970; McElroy and McConnell, 1971 
These facts result in a simplified approach to the calculation of the vertical profiles of NO, NO2, and HNO3, by far the dominant species of NO~ within the stratosphere. The distribution of NO~ is determined using continuity Eq. (4). Next, NOx is divided among NO, NOz, and HNOz by the ratios (Shimazaki and Ogawa, 1974; and Hudson, 1977) ~ Note that the ratios given in Eqs. (9) and (10) are determined by species other than nitrogen and nitrogen-oxygen compounds. Unfortunately, such a simplification does not exist in the hydrogen chemistry. In the case of the hydrogen species there are many nonlinear terms of H, OH, HO2, and H2Oz, and they are not necessarily smaller than the linear terms, although some of them are small at particular heights. Hence it is very difficult to specify concentration ratios which would be both simple and applicable to the entire stratosphere. Thus, the scheme used for the NOx family is not applicable for the hydrogen species. However, in the stratosphere (and troposphere) H, OH, HO2, and HzO2 are in photochemical equilibrium (London and Park, 1974 ). The vertical profiles of H, OH, HOz, and H202 can be calculated by the simultaneous solution of Eqs. (12)- (15) assuming photochemical equilibrium (London and Park, 1974) For a given level of 02, a "first guess" profile of Oz was calculated using the Chapman scheme, identical to the procedure of Ratner and Walker (1972) . The first guess Os profile was then used to calculate the 13 photodissociation rates shown in Table I . Next, the profiles of N20 and NOx (NO + NO2 + HNOz) were calculated via the continuity equation, using a standard tridiagonal solver, based on the Gaussian elimination method without pivoting (Smith, 1965) . The profiles of H, OH, HO2, and H202 were next calculated simultaneously using the standard NewtonRaphson method (Smith, 1965) . Next, the Os profile was recalculated via the continuity equation, including the effect of nitrogen and hydrogen species. The new Oz profile was then used to recalculate the photodissociation rates and all of the species profiles. The iterative process continued until the convergence condition (a change in 03 of less than 0.1% at all altitudes on successive iterations) was achieved.
